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Abstract
Transient tritanopia is a cone–cone post-receptoral interaction between short-wavelength (S) cones and medium (M) and long
(L) wavelength cones. Blue cone monochromats have rods and S cones of normal sensitivity but lack functional M:L cones. All
blue cone monochromats tested (n8) show significant amounts of transient tritanopia mediated by rods. Attempts to find a
similar rod-S cone interaction while silencing the L:M cones in normals yielded only a small amount of S cone sensitivity loss.
The results suggest an exaggerated influence of rods on the S cone pathway in the retina of blue cone monochromats. © 1999
Elsevier Science Ltd. All rights reserved.
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1. Introduction
Transient tritanopia is the term used to describe
sensitivity loss in the short wavelength cone pathways
following extinction of a yellow adapting light (Mollon
& Polden, 1975, 1977). The sensitivity loss is paradoxi-
cal because sensitivity normally improves when an
adapting field is removed. Extinction of the yellow field
alters signals from middle (M) and long (L) wavelength
sensitive cones but the transition produces minimal
direct effects on the short wavelength sensitive (S)
cones. The sudden change in L and M cone input to a
chromatically opponent (blue–yellow) post-receptoral
site transiently reduces sensitivity to an S cone detected
test light (Pugh & Mollon, 1979). In normal trichro-
mats, transient tritanopia is a type of cone–cone inter-
action. Protanopes and deuteranopes also show
transient tritanopia, suggesting that signals from either
M or L cones are sufficient to produce the interaction
(Mollon & Polden, 1977). The action spectrum of tran-
sient tritanopia in normal trichromats has both M and
L cone inputs (Mollon & Polden, 1979; Wisowaty,
1983).
Blue cone monochromacy is a stationary, X-linked
inherited condition in which rods and S cones have
normal sensitivity, but M and L cones are non func-
tional. Because of the absence of functional M and L
cones to antagonize their normal S cones, one might
predict that blue cone monochromats lack transient
tritanopia. In fact, initial reports failed to find transient
tritanopia in blue cone monochromats (Hansen, Seim &
Olsen, 1978; Zrenner, Magnussen & Lorenz, 1988;
Klingaman 1989), consistent with the idea that tran-
sient tritanopia is strictly a cone–cone interaction.
However, we later demonstrated transient tritanopia in
a single blue cone monochromat (Haegerstrom-Portnoy
& Verdon, 1991) and showed that the action spectrum
is that of rhodopsin, indicating that rods produce the
effect. We also showed that the choice of test wave-
length is critical for demonstrating transient tritanopia.
Even with substantial transient tritanopia present, it is
possible to miss the effect if the test wavelength is too
long (around 490 nm). This is because there is change
in detection mechanism from S cones before the transi-
tion to rods after the transition, and it is possible to
find a wavelength for which sensitivity is the same
before and after the yellow field decrement, despite the
presence of a large sensitivity loss in the S cone
pathway.
Although the apparent contradiction between our
and previous results could be explained by the choice of
test wavelength, it is also possible that individual differ-
ences between blue cone monochromats might account
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Table 1
Clinical vision characteristics of the eight blue cone monochromatsa
Visual acuityD-15 color confusion scorebSubject Age (years) Refractive error (test eye) Berson plates
(crossings)
PASS 97 (5)DV 33 20:160OD plano:1.00105
20:140120 (6)PASSOD 6.50:1.2537JV 42
139 (7) 20:160ST 50 OD 8.00:1.2510 PASS
PASS 236 (11)BS 35 OD 2.00:1.00105 20:110
133 (7)PASS 20:80OS 5.50:0.75175JC 18
PASS 234 (11)BL 29 OD 0.75:1.25180 20:200
20:12593 (4)PASSOS 0.75 DSSH 14
OS 4.50:1.25165 PASS 134 (7) 20:110TMG 29
20:130, Mean log MAR31Mean Spherical equivalent3.6 D
(912)(91 S.D.) (93.6 D) 0.82 (90.11)
a A perfect order gives a CCS of 0%, a CCS of 100% means twice the distance in color space is covered (Adams & Haegerstrom-Portnoy, 1986).
b The color confusion score is the percentage of color space traveled in excess of the distance for a perfect order.
for the results. There are several mutations in the L and
M pigment gene array at Xq28 that can produce the
clinical picture of blue cone monochromacy, including
deletion of the locus control region and point muta-
tions in the pigment genes (Nathans, Davenport,
Maumenee, Lewis, Hejtmancik, Litt, Lovrien, Weleber,
Bachynski, Zwas, Klingaman & Fishman, 1989;
Reyniers, Van Thienen, Meire, De Boulle, Devries,
Kestelijn & Willems, 1995; Ladekjaer-Mikkelsen,
Rosenberg & Jorgensen, 1996) leaving open the possi-
bility of heterogeneity in the blue cone monochromat
population. Therefore we wanted to determine whether
transient tritanopia is a universal finding among blue
cone monochromats, and to determine whether there
exists variability in the magnitude of the effect similar
to that found in trichromats. In the present study we
examine transient tritanopia in an additional eight blue
cone monochromats from three unrelated families.
Another purpose of this study was to determine
whether rods can produce transient tritanopia in nor-
mal trichromats. If a decrement in rod stimulation can
produce the effect in trichromats, we do not need to
postulate new, abnormal post receptoral interactions in
the blue cone monochromats in whom the effect is
universal. Preliminary results were presented at the
IRGCVD bi-annual meeting in Tu¨bingen, Germany,
1993.
2. Methods
2.1. Subjects
Clinical characteristics of the eight blue cone
monochromats are given in Table 1. All subjects re-
ported poor but stable vision since infancy. All subjects
had standard ganzfeld electroretinogram responses that
showed clinically extinguished light adapted cone re-
sponses, and fully recordable dark adapted bright flash
(2.4 log scotopic td s, Grass I8) and dim flash (0 log
scotopic td s) rod responses. Subjects were able to easily
pass the Berson color plates which establish S cone
function and distinguish blue cone monochromats from
rod monochromats (Berson, Sandberg, Rosner & Sulli-
van, 1983). The eight X-linked achromats are from
three families. DV, JV, ST, BS, JC and BL are from
two generations of a large pedigree with at least 16
affected males across four generations. Within this fam-
ily, subjects DV and JV are brothers. Unrelated to this
family is subject SH, who has an affected maternal
great grandfather. His grandmothers sisters son is also
affected. TMG is from the third unrelated family. He
has no known affected relatives. His two brothers and
one sister have normal vision. He has no uncles, or
aunts. His grandmothers brother has normal vision.
WLS, the blue cone monochromat shown previously to
have transient tritanopia (Haegerstrom-Portnoy & Ver-
don, 1991) has a brother, a nephew and a maternal
uncle with blue cone monochromacy. Pedigrees are
consistent with X-linked inheritance.
Some blue cone monochromats have functioning L
cones in addition to their normal S cones (Smith,
Pokorny, Delleman, Cozijnsen, Houtman & Went,
1983). The L cones can be revealed by spectral sensitiv-
ity measurements on a bright blue:green adapting field.
None of the blue cone monochromats in this study had
any measurable L cone function on intense blue back-
ground fields.
Three normal trichromats subjects were used to de-
termine whether rods can produce transient tritanopia
in normal eyes. Normal color vision was established
using the Ishihara and Hardy-Rand–Rittler plates, and
the Rayleigh match on a Neitz anomaloscope. Best
corrected visual acuities were 20:20 or better, and abso-
lute rod thresholds were normal at 15° eccentricity
using a 5° diameter test light after 25 min dark adapta-
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tion. Author WV was a subject. The other subjects were
experienced observers but were unaware of the purpose
of the experiments.
Informed consent was obtained from all subjects and
the tenents of the Declaration of Helsinki were fol-
lowed. Study approval was given by the Committee for
Protection of Human Subjects, University of Califor-
nia, Berkeley. Parental consent was obtained for blue
cone monochromat SH who is a minor.
2.2. Apparatus
Experiment 1, transient tritanopia in blue cone
monochromats, was performed using a portable two-
channel Maxwellian view optical system described pre-
viously (Haegerstrom-Portnoy & Verdon, 1991). The
light source was a tungsten-halogen ophthalmoscope
bulb (Heine XHL) whose filament was focused to a
12 mm slit imaged in the pupil. The background was
yellow; Kodak Wratten c16 gel filter which blocks
wavelengths below 520 nm (the dominant wavelength
for illuminant D65 is 582 nm). Fixation was guided by
four dots on a glass cover slip in the background
channel. Test lights were filtered by a linear variable
interference filter giving a bandwidth at half height of
about 10 nm. The position of the filter was controlled
by a potentiometer. Wavelengths were calibrated using
individual narrow band interference filters of known
transmission. The test light was 3° in diameter pre-
sented in the center of the 10° diameter background. It
cycled continuously at 1 Hz with a square wave lumi-
nance profile. The radiance of the test light was con-
trolled by a circular variable neutral density wedge
(Kodak Inconel) coupled to the pen on an X-Y
recorder.
Experiment 2, rod–cone transient tritanopia in nor-
mal eyes, was performed on a computer controlled
four-channel Maxwellian view optical system, previ-
ously described (Haegerstrom-Portnoy & Verdon, 1991;
Verdon & Haegerstrom-Portnoy, 1996). The two
sources were 150 W, 15 V tungsten-halogen lamps
(Osram) run off a regulated power supply. Spectral
radiation was provided by Ealing Electro-Optics three
cavity interference filters with half height bandwidths of
less than 10 nm. Radiances were controlled by Kodak
Inconel neutral density filters. The exchange of fields
was achieved by simultaneous opening and closing of a
pair of Uniblitz shutters. The duration of the test light
was controlled by a third shutter.
Photometric calibration of both systems was per-
formed using a Spectra Prichard Photometer using the
Westheimer method (Westheimer, 1966). Relative quan-
tal transmission of the interference filters was deter-
mined using a United Detector Technology radiometer
and a Pin 10-DP photodiode. Daily light levels were
monitored using the Pin 10-DP photodiode.
2.3. Experiment 1
2.3.1. Transient tritanopia in blue cone monochromats
Subjects were adapted for a minimum of 10 min to a
very dim laboratory illumination prior to testing. Light
exposure before this was moderate room lighting, dur-
ing which time most observers wore sunglasses. No
observer was exposed to ophthalmoscopic lights before
testing. Observers adapted for 2 min to a uniform
yellow background field of 3.3 log photopic td (2.9 log
scotopic td). Steady state test spectral sensitivities for
all subjects were measured on this background using
the method of descending limits (seeing to non-seeing).
Measurements were made randomly across the spec-
trum in 10 nm intervals from 420 to 580 nm. The
threshold was taken as the average of three values. To
measure transient tritanopia, the yellow field was
abruptly decremented in luminance by one log10 unit to
2.3 log photopic td. It remained at this dimmer level for
approximately 2 s. The test flash was presented between
0.5 and 1.0 s after the decrement. After a single test
light presentation, the luminance of the yellow field was
raised again to 3.3 log photopic td. It remained at this
light level until threshold had stabilized to the steady
state value. The subject indicated whether the test was
seen during the transient condition, and threshold was
determined by averaging the test radiance at the last
‘seen’ setting and the first ‘not seen’ setting. Three to
five such measurements were averaged to give a single
threshold value. For each blue cone monochromat, two
test wavelengths were used, 420 and 560 nm. In addi-
tion, a full test spectral sensitivity after the yellow
decrement was measured in one blue cone monochro-
mat (TMG). The full spectral sensitivities for steady
and transient conditions for a second blue cone
monochromat (WLS) can be seen in the Figure 4 of
Haegerstrom-Portnoy and Verdon (1991).
2.4. Experiment 2
2.4.1. Transient tritanopia in trichromats following a
rod decrement
To demonstrate transient tritanopia in trichromats in
which the suppressive signal to S cones originates in
rods, we cannot use a decremented yellow field because
this stimulus will produce transient tritanopia via the
conventional L and M cone pathway. Rods must ‘see’ a
decrement while the second site signals originating from
L and M cones should be silenced. To achieve this, two
long wavelength fields were exchanged, 540 and 571 nm
producing a decrement in rod quantal catch at the
moment of exchange but little change in the second site
stimulation. To minimize the possibility of transient
tritanopia via the conventional L and M cone pathway,
preliminary experiments were done to find the radiances
of the two fields that produced a minimal amount of
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transient tritanopia at a very high light level at which
rods are unlikely to influence the outcome.
For these preliminary experiments, the 540 nm field
was fixed at 4.4 log photopic td (4.6 log scotopic td). A
number of experiments were run to determine the mag-
nitude of transient tritanopia with the 571 nm field at
different radiances. The subjects were adapted for 3
min to the 540 nm field which was then exchanged for
the 571 nm field for 2.5 s. The 540 nm field then
returned for 8 s and the 10.5 s cycle was repeated.
Thresholds were measured for a 420 nm, 1° diameter,
and 100 ms test flash presented at 2° eccentricity (see
Fig. 3). The test was flashed 2 s after the exchange of
the long wavelength fields and it was adjusted in radi-
ance until it was close to the threshold. The short
wavelength sensitivity loss of transient tritanopia lasts
for many seconds after the decrement of a yellow field
in color normal observers (Stiles, 1949; Augenstein &
Pugh, 1977; Mollon & Polden, 1977) and blue cone
monochromats (Haegerstrom-Portnoy & Verdon,
1991). This long duration distinguishes transient tri-
tanopia from Crawford-type masking (Crawford 1947;
Baker, Doran & Miller, 1959). A 2 s delay made the
stimulus reasonably equivalent to that used for blue
cone monochromats, for which a 1 s duration test light
was initiated 0.5–1.0 s after the yellow field decrement.
At these delays, precise timing is not critical. The
method of constant stimuli was then used with test
radiances in 0.1 log unit steps over a 0.6 log unit range
centered on the initial threshold estimate. Each test
radiance was presented nine times, in random order. In
total 10% of trials were catch trials. The data were
analyzed using probit analysis to find threshold at the
75% level.
Once the optimal relative radiances of the 540 and
571 nm fields were established, i.e. the radiances at
which their exchange produced no transient tritanopia,
the fields were dimmed together by either 1 or 2 log
units, to bring them into the operating range of rods,
and close to the light levels at which we find transient
tritanopia in blue cone monochromats. The threshold
was determined using the same technique as in the
preliminary experiments, but five presentations were
used at each of the six test radiances spaced 0.1 log unit
apart. Probit analysis provided an estimate of the
threshold at the 75% level.
2.5. Genotyping
Serum DNA was analyzed on representatives from
all four families of blue cone monochromats. Testing
was performed by M. Neitz, at the University of Wis-
consin. BS has a single X-linked pigment gene that has
the Cys203Arg mutation in exon 4. This mutation alters
one of the two essential cystein residues in the opsin
molecule, and renders it non-functional. SH has normal
L and M pigment genes, and we do not know whether
he has an upstream deletion at the locus control region.
TMG has a single normal L gene which does not have
the Cys203Arg mutation, and no upstream deletion of
the locus control region has been identified. WLS has a
locus control region deletion upstream of the gene
array.
3. Results
3.1. Experiment 1
3.1.1. Transient tritanopia in blue cone monochromats
Fig. 1 shows thresholds for the eight blue cone
monochromats under steady state and transient adapta-
tion for test wavelengths of 420 and 540 nm. Solid
symbols show thresholds on a steady yellow field (3.3
log photopic td; 2.9 log scotopic td) and open symbols
show thresholds after decrementing this yellow field to
2.3 log photopic td. All subjects become less sensitive to
the 420 nm test and more sensitive to the 540 nm test
light after the transition. The sensitivity loss at 420 nm
represents transient tritanopia (a sensitivity loss of the S
cone pathway), and the increased sensitivity at 540 nm
represents dark adaptation of the rod pathway. The
average loss of S cone sensitivity is 0.58 log unit (1
S.D.0.3 log unit). The average recovery of rod sensi-
tivity is 1.56 log unit (1 S.D.0.4 log unit). Detection
of both test lights before the decrement is mediated by
S cones for all observers while after the decrement,
detection is mediated by rods for half of the observers.
Therefore the full magnitude of the loss of sensitivity in
the S cone pathways is unknown, although the mea-
sured sensitivity loss at 420 nm provides a minimum
estimate of the loss. Presumably rods detect the test
light after the transition for some individuals either
because their rods recover faster or their S cone path-
way is more desensitized by the transition. The change
in detection mechanism from S cones before the transi-
tion to rods after the transition is reminiscent of the
change from S cones to M cones found in the trichro-
matic eye (Stiles, 1949; Mollon & Polden, 1977).
Fig. 2 shows the full spectral sensitivity before and
after the yellow field decrement for blue cone
monochromat TMG. Filled symbols show the spectral
sensitivity on a steady 3.3 log photopic td yellow field,
and open symbols show sensitivity after a 1 log unit
decrement. S cones detect all test wavelengths on the
steady yellow field but after the transition, test wave-
lengths longer than 500 nm are rod detected.
In summary, all blue cone monochromats tested
show transient tritanopia. S cones detect the 420 nm
test after the yellow field is decremented for some blue
cone monochromats, while for others, the S cone path-
way is so desensitized by the decrement that detection
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Fig. 1. Thresholds for 420 and 540 nm test lights are shown on a steady yellow field and shortly after the yellow field is decremented 10-fold for eight blue cone monochromats. The initial yellow
field was 3.3 log photopic td. The 420 nm test lights on steady yellow fields (solid symbols) were S cone detected and the data are fitted by the S cone spectral sensitivity curve. After the transition
the 420 nm test light was detected by rods for some blue cone monochromats. In these cases the open data point lies on the V%l curve. If the open 420 nm data point lies above the V%l curve
it means that S cones are detecting after the transition. The 540 nm test lights after the 10-fold yellow field decrement (open symbols) were rod detected and the data are fitted by V%l . After
the decrement all blue cone monochromats show reduced sensitivity at 420 nm (i.e. transient tritanopia) and recovery of sensitivity at 540 nm due to rapid recovery of rods. Solid curves are Smith
and Pokorny’s S cone fundamental, and V%l (tabulated in Wyszecki & Stiles, 1982). Zero on the ordinate corresponds to 10.3 log quanta s1 deg2.
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Fig. 2. Log relative sensitivity across the spectrum is shown for blue
cone monochromat TMG during steady adaptation to a yellow field
of 3.3 log photopic td (solid circles) and shortly after a one log unit
decrement of the yellow field (open circles). Solid curves are Smith
and Pokorny’s S cone fundamental, and V%l. Zero on the ordinate
corresponds to 10.3 log quanta s1 deg2.
3.2. Experiment 2
3.2.1. Transient tritanopia in trichromats following a
rod decrement
Fig. 3 shows the results of a control experiment for a
normal trichromat, in which a 4.4 log photopic td 540
nm field was exchanged for a 571 nm field of variable
radiance. The purpose of the experiment was to deter-
mine the relative radiances of the fields that produced
minimal transient tritanopia via the conventional cone–
cone interaction pathway. Rods are not contributing to
the effect because they are completely saturated at the
light level used in this experiment, 4.6 log scotopic td
(Aguilar & Stiles, 1954; Hess & Nordby, 1986; Sharpe,
Fach, Nordby & Stockman, 1989). Our assumption is
that a pair of adapting lights that fail to produce
tritanopia via the conventional L:M second site at a
high level, will continue to be unable to produce tran-
sient tritanopia as their radiances are equally reduced.
Therefore, any transient tritanopia at lower light levels
is assumed to result from rod activity.
The ordinate of Fig. 3 represents thresholds for a 100
ms duration, a 420 nm test light presented 2 s after the
540 nm field was exchanged for a 571 nm field of
variable radiance. The threshold for the 420 nm test
after several minutes of steady state adaptation to the
540 nm field alone is indicated by the solid circle and
the horizontal line. Points that lie above this line indi-
cate a loss of sensitivity after the background exchange,
of the 420 nm test light is by rods. The amount of
transient tritanopia is generally less in those whose S
cones detect after the transition and greater in those
whose rods detect the target after the transition.
Fig. 3. The abcissa shows the retinal illuminance of a 571 nm field and the ordinate shows the threshold for a 420 nm test light. The timing of
the stimulus is shown in the inset. Threshold for a 420 nm test light presented on a steady state 540 nm field (4.4 log photopic td, rod saturating)
is shown by the horizontal line. After the 540 nm field is exchanged for a 571 nm field, threshold for the 420 nm test falls (sensitivity improves)
for all but the most radiant 571 nm fields. The magnitude of the sensitivity recovery after the transition depends on the intensity of the 571 nm
field, and is shown by the vertical distance between the steady state threshold (horizontal line) and the open data points. The arrow indicates the
radiance of the 571 nm field with which we paired the 540 nm field for the main experiments. It is a radiance for which the exchanged fields
produce no transient tritanopia, at this rod saturating light level. Zero on the ordinate corresponds to 9.8 log quanta s1 deg2.
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Fig. 4. Log relative spectral sensitivity is shown for normal trichromat WV during steady adaptation to a 540 nm field (solid squares) and 2 s after
the exchange to a 571 nm field (open squares). (A) (left) 540 nm field of 3.6 log scotopic td; 571 nm field of 1.9 log scotopic td. Sensitivity before
and after the transition is the same. (B) (right) 540 nm field of 2.6 log scotopic td; 571 nm field of 0.9 log scotopic td. A small loss of S cone
sensitivity is found (i.e. transient tritanopia). Two other observers showed approximately 0.2 log units loss at 420 nm. Solid and dashed curves
are Smith and Pokorny’s S cone fundamental. Zero on the ordinate corresponds to 9.8 log quanta s1 deg2.
and those below the line indicate recovery of sensitivity.
The data show that exchange to a bright 571 nm field
(radiances above approximately 3.9 log photopic td)
reduces sensitivity in the S cone pathways. These data
are reminiscent of those of Mollon and Polden (1979)
who were the first to demonstrate that moderate incre-
ments in second site activity can transiently reduce
sensitivity to short wavelength lights. Exchange for
dimmer fields leads to a recovery of sensitivity, which
reflects dark adaptation in the S cone pathway. For the
extreme condition in which the 540 nm field is extin-
guished (Fig. 3, solid square), the threshold for the 420
nm test is close to its steady-state level on the 540 nm
field, but the steady state threshold is not exceeded,
indicating that transient tritanopia is absent. Greenish
fields are relatively less effective at producing transient
tritanopia than yellowish fields (Augenstein & Pugh,
1977) due to reduced effectiveness at polarizing the
second site. Therefore our choice of adapting field
wavelength helps to reduce transient tritanopia via the
normal L:M second site. In unpublished experiments,
the subject in Fig. 3 (WV) shows transient tritanopia in
excess of 1.5 log units after extinction of a yellow field
indicating that it is these stimulus conditions that are
abolishing transient tritanopia via the L:M pathway, as
designed. The data in Fig. 3 allow us to chose a
radiance of the 571 nm field for which transient tri-
tanopia is minimal.
The choice of radiance of the 571 nm field for the
main experiments was not critical according to the
broad flat region in Fig. 3. We chose a radiance of 3.2
log photopic td (2.9 log scotopic td) which when ex-
changed for the 540 nm field, produces a decrement in
rod stimulation of 1.7 log units. This decrement is
greater than the 1 log unit step capable of generating
transient tritanopia in blue cone monochromats.
Fig. 4A shows test spectral sensitivities for a normal
trichromat on a steady 540 nm field of 3.4 log photopic
td (3.6 log scotopic td), and 2 s after the exchange to a
571 nm field of 2.2 log photopic td (1.9 log scotopic td).
These fields are ten times dimmer than they were in the
control experiment. There is essentially no change in S
cone thresholds before and after the exchange. The
mean change in sensitivity across four wavelengths is
0.01 log unit.
Fig. 4B shows similar data but the fields are dimmed
by a factor of 100 instead of a factor of 10. This brings
the 540 nm field to 2.6 log scotopic td, which is similar
in scotopic effectiveness to the 2.9 log scotopic td
yellow field used to show transient tritanopia via rod
input in the blue cone monochromats. The 571 nm
exchange field has a retinal illuminance of 8.7 scotopic
td (0.9 log scotopic td). Test stimuli from 420 to 480 nm
are S cone detected on the steady state 540 nm field.
After the exchange of fields the 480 nm test is detected
by a different mechanism, presumably rods or possibly
M cones. Over the three wavelengths for which we are
confident of S cone detection before and after the
transition, the average loss of sensitivity is 0.16 log unit.
This small loss of sensitivity represents transient tri-
tanopia. Two additional normal trichromatic subjects,
MS and HH showed, respectively 0.22 and 0.20 log unit
sensitivity loss for this condition at a test wavelength of
420 nm.
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4. Discussion
All eight blue cone monochromats showed transient
tritanopia for a 10-fold decrement in rod stimulation
from an initial retinal illuminance of 794 scotopic td.
The mean sensitivity loss was 0.6 log unit for a 420 nm
test light. In half of the blue cone monochromats, the S
cone pathway loses sufficient sensitivity following the
decrement to enable rod detection of the short wave-
length test light, making the measured transient tri-
tanopia a conservative estimate of the true sensitivity
loss in the S cone pathway. In three normal trichro-
matic eyes, a 50-fold decrement in rod stimulation from
a scotopically similar initial retinal illuminance level
resulted in a small sensitivity loss of approximately 0.2
log unit. From these findings we draw two conclusions.
Firstly, transient tritanopia in blue cone monochromats
is a universal finding, not limited to the single blue cone
monochromat previously reported (Haegerstrom-Port-
noy & Verdon, 1991). This reinforces our earlier sug-
gestion that previous failures to demonstrate transient
tritanopia in blue cone monochromats were caused by
the use of test wavelengths that were too long. Sec-
ondly, we conclude that functional L and M cones help
stabilize sensitivity in the S cone pathways, making the
S pathway more resistant to rod input. Large decre-
ments in rod activity produce minimal change in S
pathway sensitivity in our normal observers in whom L
and M cones are present, but an exaggerated sensitivity
loss in blue cone monochromats who lack functional L
and M cones.
4.1. Factors that affect S cone sensiti6ity
Even though the stimuli differed between the blue
cone monochromats and the normal trichromats, their
effects on detection of the short wavelength flash are
reasonably equivalent. There are at least four factors
governing sensitivity to a short wavelength test light
after a field transition. The first is the direct effect of
the fields on the S cone receptors (first site adaptation).
For the blue cone monochromat eyes, S cone stimula-
tion was reduced 1 log unit. In normal observers, the
exchange of a 4.4 log photopic td 540 nm field for a 3.2
log photopic td 571 nm field reduces direct S cone
quantal catch by 1.5 log unit. However, the p3
threshold-versus-radiance curve is very shallow at the
light levels used for both groups, so there is minimal
steady-state threshold elevation caused by these fields
(Pugh & Mollon, 1979). Thus the experiments are rea-
sonably equivalent in their direct effects at the first site.
The second factor is the effect the adapting fields
have on potential detection mechanisms other than S
cones. Mollon and Polden (1977) showed that a 10-fold
decrement of a yellow field reduces sensitivity to a short
wavelength flash more than extinction of the field. The
reason is that the field present after the transition serves
as an auxiliary adapting field that reduces sensitivity of
the M cone mechanism. Because detection of a short
wavelength flash is mediated by M cones after extinc-
tion of a yellow field, an auxiliary field that reduces M
cone sensitivity more than S cone sensitivity will dis-
close a larger magnitude of transient tritanopia. Our
experiments in trichromats demonstrate that before and
after the exchange of backgrounds, the detection mech-
anism has an S cone spectral sensitivity. The 571 nm
exchange field may help isolate the S cone mechanism
after the transition. The presence of the same detection
mechanism (S cones) before and after the exchange
simplifies the interpretation by revealing the true effect
of the transition on the sensitivity of the S cone path-
way in trichromats. In blue cone monochromats, rods
often detect the test light after the transition, causing
potentially significant underestimation of the true S
pathway sensitivity loss (Figs. 1 and 2). Thus a total
loss of 0.2 log units in normals should be compared to
a loss of at least 0.6 log units in blue cone
monochromats.
The third factor is the direct effect of the exchanged
fields on rods. In the experiments with blue cone
monochromats, the decrement of the yellow field re-
duced rod stimulation from 2.9 to 1.9 log scotopic td, a
1 log unit step. The rod step for the trichromats was 1.7
log units. The larger rod step makes the experiments in
trichromat eyes more powerful by increasing the chance
of finding transient tritanopia if it exists.
The fourth factor is the effect the exchange has on
the L:M opponent site, the so called second site. In
blue cone monochromats there are no L or M cones to
antagonize S cone signals at the second site, and the
action spectrum of transient tritanopia has a rod spec-
tral sensitivity. Therefore in the blue cone monochro-
mats, the effect of decrementing the yellow field and
reducing S cone sensitivity must be produced via a
rod-S cone pathway interaction. The empirical effect of
exchanging intense (no rod contribution) 540 and 571
nm fields on the normal S cone pathway was to cause a
small recovery of sensitivity. We assume that the bal-
ance of L and M cone inputs to the second site remains
relatively constant in the normal eye for the range of
light levels used in these experiments. Therefore if the
fields are balanced to produce no transient tritanopia at
a rod saturating light level, then we expect the fields to
produce no transient tritanopia as light level is reduced,
provided L and M cones are the only input to the
second site in the normal eye. Any change in the
amount of transient tritanopia in the normal eye at
different light levels will most likely reflect changes in
the relative effectiveness of the rod input to the second
site, if indeed rods have an input. The finding that
transient tritanopia changes little with light level in the
normal eye supports the idea that rod input to the
G. Haegerstrom-Portnoy, W.A. Verdon : Vision Research 39 (1999) 2275–2284 2283
second site plays a relatively smaller role in normal eyes
than in the eyes of the blue cone monochromat. Alter-
natively, the small amount of sensitivity loss found in
the trichromats could be produced without any rod
input by the normal second site if the balance of L:M
input changes with light level. If this were the case, the
retinal circuitry of blue cone monochromats would
need to be different from normal (see below).
4.2. Neural mechanisms of transient tritanopia
The precise retinal cellular basis for the interactions
of transient tritanopia in the human eye remains uncer-
tain, although the circuitry of the primate S cone
pathways is becoming clearer. At the outer plexiform
layer (OPL), H2 horizontal cells seek out S cone pedi-
cles, and they also contact L and M cones (Ahnelt &
Kolb, 1994). They are strongly hyperpolarized by stim-
ulation of all three cone types (Dacey, Lee, Stafford,
Pokorny & Smith, 1996). Despite the mixed cone input,
they could be involved with blue–yellow chromatic
opponency, although their role in red–green opponency
is probably minimal (Dacey et al., 1996). These cells are
hyperpolarized by a yellow light and feedback onto S
cones would allow for chromatic opponency of the S
pathway bipolar cell. Transient tritanopia has been
demonstrated in the human and Macaque S-cone elec-
troretinograms (ERG) and in the local (intraretinal)
ERG in Macaque monkey eye (Valeton & Van Norren,
1979a,b). This argues that the effect is organized at the
bipolar cell level, possibly at the invaginating wide-field
depolarizing (ON) bipolar cells (Mariani, 1984;
Kouyama & Marshak, 1992, 1997). However, others
have been unable to find a correlate to transient tri-
tanopia in the ERG (MacKay & Gouras, 1997). A
possible retinal circuit accounting for transient tri-
tanopia at the OPL has been described (Gouras &
Evers, 1985).
At the inner plexiform layer (IPL), the S cone bipolar
cell provides excitatory input at the inner tier of den-
drites to a small bistratified ganglion cell (Dacey & Lee,
1994; Ghosh, Martin & Grunert, 1997). L and M cone
input to the blue–yellow opponent ganglion cell is
probably excitatory, directly via an hyperpolarizing
(OFF) bipolar cell (Dacey, 1996). This scheme puts a
potential candidate for blue–yellow opponency at the
level of the IPL. In fact, the blue–ON bistratified
ganglion cell gives a vigorous excitatory response to
extinction of a yellow light (Dacey & Lee, 1994), pre-
sumably making it insensitive during this period to S
cone responses to blue test light increments. At least
qualitatively, this cell exhibits properties that could
account for the psychophysical phenomenon of tran-
sient tritanopia. There are many possible mechanisms
by which rods can influence the L:M second site in
normal trichomats and thereby produce or modify tran-
sient tritanopia, although interestingly Lee, Smith,
Pokorny & Kremers, 1997 were unable to find input
from rods to S cone ON-center ganglion cells in the
Macaque retina. Furthermore, the reason the blue cone
monochromats show a larger rod induced transient
tritanopia than normal trichromats will remain specula-
tive until the development effects of dysfunctional L
and M cones on retinal circuitry are determined. Histol-
ogy on blue cone monochromat donor eyes would be
helpful here.
4.3. Rod functional influence
Individuals with blue cone monochromacy, as well as
individuals with rod monochromacy and many with
progressive primary cone dystrophies exhibit photopho-
bia to some degree (e.g. Sloan & Feiock, 1972). It is
thought that the aversion to bright lights results from
absent or reduced cone suppression of rod signals. In
the normal eye, signals from cones suppress saturating
rods. Our finding of an exaggerated rod induced tran-
sient tritanopia in blue cone monochromacy, may be a
psychophysical demonstration of rod activity at light
levels where cones would normally suppress rods. It is
possible that both photophobia and our exaggerated
effect reflect a common problem, and share a common
neural substrate. Unopposed rod input to cone bipolars
via the AII amacrine cells is a possibility, but interac-
tions at the OPL cannot be ruled out.
5. Conclusions
Transient tritanopia in blue cone monochromats is
shown to be a universal finding and is an example of a
rod–cone interaction. We looked for a similar rod
induced effect in normal trichromatic eyes by measur-
ing S pathway sensitivity after exchanging colored
fields. The substitution of the fields was silent for the
conventional second site (which has L and M cone
input) but it produced a large decrement in rod stimula-
tion. Rod induced transient tritanopia was considerably
smaller in the normal eye. The exaggerated effect in
blue cone monochromats might reflect the lack of sup-
pression of rod signals by cones at photopic light levels,
and in its origin it may be related to bright light
photosensitivity seen in the achromatopsias and cone
dystrophies. We suggest the IPL may be a reasonable
locus for these interactions.
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